Introduction
Increasing pressure on coastal areas from land use change, sewage discharge and agricultural chemicals are conflicting uses with the preservation of ecological integrity, the conservation of recreational use and the development of economic activities such as fisheries and mollusk farming (Charlier and Lonhienne, 1996) . Eutrophication and intensive aquaculture in coastal lagoons created suitable conditions for the blooms of macroalgae in several coastal lagoons and bays in the last 20 years (Sfriso et al., 1992; Borum, 1996; Castel et al., 1996; Flechter, 1996; Morand and Briand, 1996; Solidoro et al., 1997; Valiela et al., 1997; Raffaelli et al., 1998) . Algal blooms are particularly noxious, as the consequent anoxic crises lead to massive mortality of clam with resultant economic damages to the mollusk fishery.
Lagoon managers have a suite of different strategies to manage these problems (Charlier and Lonhienne, 1996; Scheffer, 1998) . Long-term, comprehensive policies that target reduction of nutrient loading from agriculture and sewage systems require large investments, long implementation times and a coordinated land planning strategy with different public bodies governing the territory.
On the contrary, lagoon managers often rely on mediumto short-term policies that focus on the limitation of the damages from blooms rather than on the causes that trigger them. For instance, channels can be dredged in a lagoon to improve hydrodynamics and thus reduce the risk of anoxia. However, while dredging must be planned far in advance, the direct removal of algal beds with special vessels can be performed almost in emergency conditions with little or no planning and a fairly limited cost and, thus, it has become the preferred short-term strategy for algal bloom control. This strategy can be considered effective if it is able to avoid algal collapses and the consequent economic damages to aquaculture. The actual ability to control algal blooms depends upon the number of the vessels used, their harvesting efficiency and the threshold of macroalgal biomass above which the vessels start to operate. Other variables, such as macroalgal growth rate and nutrient availability in the water column, and several physical factors, water temperature, light intensity, wind, currents, waves-which may be important determinants of algal growth-cannot be controlled by the lagoon managers. Harvesting costs obviously increase with the number of vessel-days and their actual value depends also upon the rental rate of vessels, man-power and the costs of disposal of the harvested biomass. These costs should be compared to the benefits measured in terms of avoided economic losses of commercial yield that would be otherwise caused by algal blooms and the consequent anoxic crises. Unfortunately, despite the widespread use of these short-term strategies, the effectiveness of this policy has been rarely assessed in a quantitative framework of a cost-revenue analysis.
The Sacca di Goro-a large shallow coastal lagoon (surface: 26 km 2 ; average depth: 1.5 m) located on the southern Po river delta in Italy (Fig. 1 )-is an interesting testing ground to assess the economic efficiency and the efficacy of harvesting Ulva to control algal blooms. The Sacca di Goro has four nutrient-rich freshwater inlets (Po di Volano and Po di Goro rivers and Bianco and Giralda channels) and is separated from the sea by a narrow sandy barrier. There are two openings to the Adriatic Sea of ca. 1 km in width. Since the late 1980s, the introduction of the exotic clam species Tapes philippinarum has locally enhanced the mollusk fishery, which still has not recovered since the great economic turndown of the late 1970s and the resultant market collapse (Carrieri et al., 1992) . Today clam fishery covers an area of 10 km 2 and is concentrated in the south-central part of the lagoon. Average income from shellfish production is ca. 50 million euros, distributed among a 1000 local people, who depend directly or indirectly on the fishery (Bencivelli, personal communication).
As for many eutrophic coastal environments, nutrient loads have led in the Sacca di Goro to the disappearance of rooted macrophytes and the appearance of opportunistic floating macroalgae. During winter and early spring, due to low biomass, these algae drift within the lagoon, whilst above 3-400 g DW m -2 , they stand and accumulate in the shallower sites. Water stagnation due to Ulva beds has dramatic implications for clams, leading to extended mortality and considerable economic losses.
Lagoon managers' attempts of direct intervention have centred on harvesting Ulva with two vessels rented from a third part company. The number of vessels and operational mode are usually constrained by budget limitation on a year to year basis. The aim of this work is to assess the effectiveness and the efficacy of this policy, namely to: (i) evaluate its ability to control algal blooms; (ii) assess whether this policy is also economically effective, namely whether on average the benefits exceed the costs, and with what frequency; (iii) identify possibly more effective policies of Ulva harvesting, if any, in terms of number of vessels used and their harvesting intensity, under a variety of scenarios, including lower renting costs of vessel-days and the acquisition of a own fleet instead of renting vessels from third part companies. Previous works (De Cellina et al., 2002) provided an initial quantitative analysis of the effects of the harvesting policy. The distinct feature of the modelling effort has been the explicit inclusion of environmental variability, a structural feature of algae dynamics in such an ephemeral environment that severely impacts the actual success of any given management policy. The inclusion of this aspect allows to assess not only the average net benefits of any given policy but also its dispersion and probability distribution. The present work extends those preliminary analyses by (a) considering a model of Ulva dynamics that better describes algal blooms; (b) a more realistic description of the harvesting efficiency function of the vessels; (c) a more precise accounting of costs for harvesting and disposal; (d) a more comprehensive analysis of harvesting scenarios (net economic performances as a function of the vessel renting costs).
This work is structured to (i) present the basic Ulva demography in the Sacca di Goro, (ii) derive a simple stochastic model of population dynamics, (iii) describe the economic parameters and control variables to specify a policy, (iv) analyse traditional harvesting practice and other harvesting strategies by evaluating harvesting intensity and temporal distribution and (v) finally to discuss how to control algal blooms in a cost-effective way.
The population dynamics of Ulva biomass

Ulva growth rate
As evidenced in Fig. 2a , water temperature can certainly be considered one of the most important influential factors of algal growth rate in a nutrient-rich environment, along with nutrient availability, light, hydrodynamics and densitydependent controls (Lobban and Harrison, 1994; .
Data on water temperature and algal growth used in this work have been sampled during research activities carried out in Sacca di Goro in 2 years, 1994 and 1997 (Clean Project, 1994 and Robust and Nice, 1997) . The first year was characterised by a fairly low Ulva abundance, whilst the second by a high biomass presence and an impressive algal bloom. Unfortunately, no other quantitative information was available for the reference years to directly correlate algal growth with other variables such as nutrient concentration in the water column and in the sediment. On the other hand, because of the hypertrophic conditions of the lagoon due to the high nutrient load from the freshwater inlets and the sediment-associated regeneration (Bartoli et al., 1996 , nutrients cannot be considered the most important limiting factor in Goro, thus making temperature probably the most important driving force of algal growth as first approximation.
According to Lobban and Harrison (1994) , a parabolic function of water temperature T provides the best fit to the present data for the daily growth rate r of Ulva, namely
where WGN is a White Gaussian Noise with mean equal to zero and variance estimated by means of a non-linear least square estimator on available data along with the other parameters. In the simulation phase described in the following, the WGN allows us to explicitly account for the dispersion of algal growth rate from its expected mean for any given temperature: this is a very important component of the model, as dispersion is likely due to other factors, such as nutrient availability, which we could not include in the model.
As available data only cover the first 7 months of the year, relation (1) has been assumed representative of the dependence of Ulva growth rate only between 1 January and 31 July.
The daily water temperature model
Daily temperature T has been estimated through an autoregressive model on residual components as the difference between the observed and the expected average daily temperature (Melià, 2001) , namely
where T obs stands for the observed average daily temperature and T exp for the expected average daily temperature, estimated as
As documented in Melià (2001) , the parameters $ (-0.92, P < 0.01), f (-9.76 ± 0.07°C), e (=-114.74 ± 0.42 d), the mean annual temperature g (-16.35 ± 0.05°C) and the White Gaussian Error were calibrated on a long series of water temperature data monitored in Sacca di Goro (1993 Goro ( -1995 .
The biological model: the anoxic crises
When a eutrophication threshold density of Ulva A eu is exceeded, algal biomass drops in the shape of a collapse . As shown in Table 1 , reporting data from Viaroli et al. (2001) , the Ulva biomass A eu triggering the anoxic crises ranges between 200 and 900 g DW m -2 (mean value around 300 g DW m -2 ). When the collapse and the consequent anoxic crises occur, phytoplankton become the dominant primary producers for several weeks, during which the macroalgal density is very low . According to Zaldivar et al. (2003) , only about 2 months later, Ulva starts to increase at a detectable rate.
In order to take into account the natural variability characterising the dystrophic events, we assumed a bloom density A eu as a random beta probability distribution calibrated on data reported in Table 1 . Accordingly, algal dynamics can be represented by means of a set of difference equations with a daily simulation step, namely:
if A t > A eu and for 60 days after the last algal bloom (4) where A t is dry weight (DW) Ulva biomass (g DW m -2 ) on day t, k(T) = exp(r T ) and A eu is drawn from the beta probability function b(a,b,p,q), where a = 1.6, b =4.5, p = 200 g DW m -2 and q = 900 g DW m -2 have been estimated on available data (see Fig. 2b ).
With respect to much more complex models of a lagoon ecosystem developed for Goro (Zaldivar et al., 2003) and other north Adriatic lagoons (Solidoro et al., 1997) , our zero-dimensional model (4) should be regarded as a "black box" whose purpose is not to give a detailed mechanistic description of the biological process of Ulva growth, but rather to provide a sufficiently realistic short-term simulation of algal blooms in terms of frequency, timing and intensity, so as to assess the economics of Ulva harvesting. As a formal validation was not possible because of lack of data, a qualitative assessment following the Bayesian approach (Hilborn and Mangel, 1997) was carried out by interviewing the lagoon managers. They stated the model was good enough to reproduce the main features (Bencivelli, personal communication) and consequently we accepted the model.
The harvesting process
The traditional management policy
The present strategy to control algal blooms relies on harvesting vessels rented from a third part company. Specifically, the lagoon managers sign a contract at the beginning of the year to rent two vessels that are then used jointly along the Ulva growing season for no more than 10-15 d. The vessels only operate in the area where clam fishery is located. Each vessel-day costs as much as 2000 euros all inclusive (vessels, workers, fuel, insurance and the transport of Ulva to the disposal centre). Only the effective number of days in which vessels are actually used is then paid to the renting company, but it rarely happens that vessels operate for less days than planned at the beginning of the year. As a consequence, 40,000-60,000 euros are usually required every year for two vessels for 10-15 d. The actual number of harvesting days indicated in the contract may change from year to year and depends upon budget availability. The lagoon managers then bear the responsibility to decide when to use the vessels, within the limitation of renting days. Given the limited budget available, the vessels should be used carefully, as if they are used too often at the beginning of the season, no spare days are left to be used to control subsequent algal blooms. For this reason, the lagoon managers tend to be very conservative, using the vessels only when Ulva biomass starts to attain a threatening density and the rate of increase is clearly high.
The harvesting model
The Ulva biomass harvested by one vessel per unit time depends on vessel size, harvesting equipment and Ulva abundance. Interviews with the lagoon managers suggested that the harvesting efficiency R decreases when algal density is low. This can be satisfactorily represented by a sinusoidal saturating function of Ulva density (Fig. 2c) , namely
where the semi-saturation constant d was set to 1125 (g 2 DW m -4 ) (Bencivelli, personal communication). According to this representation, harvesting efficiency results negligible for very low Ulva abundance, as the macroalgae patches are widely scattered in the lagoon; then, the efficiency increases for increasing algal density, and, finally, it levels off to a maximum daily harvesting capacity q (g DW m -2 ) which was estimated to be 10 g DW m -2 d -1 (Viaroli and Sartore, 1997) .
The economic losses related to algal blooms
The economic losses due to algal blooms (i.e. the indirect costs) were identified in a previous work by De , who assumed monetary damages to the Tapes rearing activity to be dependent on algal density and estimated them on a daily basis; the estimate only refers to the direct loss of incomes and does not provide any reference to the value of the ecosystem services. They stated that no economic losses occur when algal density is below 100 g DW m -2 and that losses reach their maximum (1000 × 10 3 euros d -1 ) when Ulva density exceeds 600 g DW m -2 , due to the massive clam mortality caused by the anoxic crises. For intermediate values of algal biomass, only a fraction of the commercial yield is lost every day, and consequently economic losses increase with Ulva density according to an exponential relation, as Fig. 2d shows. This model has been here adopted to estimate daily monetary damages to lost clam production.
The final management model
Let E be the number of vessels used to harvest algal biomass and A th (g DW m -2 ) the threshold density of Ulva, which, if exceeded, triggers harvesting operations. Under the previous assumptions, the equation describing the Ulva dynamics is
and for 60 days after the last algal bloom (6) Equation (6) is the core of the simulation model of the Ulva harvesting process: it states that every day a decision is taken whether to harvest or not: if the algal density exceeds the threshold A th , E vessels will harvest biomass for the entire working day. The following day, a new decision has to be taken about whether to harvest or not on the basis of actual Ulva biomass.
In our modelling framework, we have assumed that the decision variables are (a) the number of vessels E (vessels) and (b) the threshold density of Ulva A th (g DW m -2 ) which, if exceeded, triggers harvesting operations. We thus define as management policy a combination of these two control variables. According to the contract currently signed up between the lagoon managers and the third part company, the number of vessels and harvesting days is set at the beginning of the year and it does not change during a simulation. For instance, a management policy with E = 4 vessels and A th = 100 g DW m -2 means that four vessels are sent out in the lagoon to harvest Ulva each day in which its density exceeds 100 g DW m -2 . Our analysis examined all the management policies generated by combinations of E and A th ranging between 0 and 20 vessels and 50 and 200 g DW m -2 , respectively. The discretisation range of E is made by intervals 1 unit wide, and the range of A th of intervals 25 units wide.
For each management policy, in order to explicitly include environmental variability and uncertainty in parameter estimation, we performed a series of Monte Carlo stochastic simulations between 1 January and 31 July with a 1-d simulation step. Each simulation has been replicated 10,000 times, during which different realisations of the temperature series, of the growth rate and of the A eu value occurred; moreover, to take into account variability in the Ulva density values of the first few days of the year, the initial density value was extracted from a uniform probability distribution ranging between 0 and 20 g DW m -2 , which was identified on the basis of the data gathered from 1989 to 1998 .
The management policies have been evaluated with respect to harvesting costs and economic damages due to algal blooms. The two types of costs previously identified are regarded as equally important and consequently the annual cost is the algebraic sum of daily direct costs (the harvesting costs) and the daily indirect costs (the damages caused by the algal blooms).
Thanks to the Monte Carlo simulations, we have been able also to compute a number of statistics on the economic and biological variables, such as the expected values of the different components of the cost, their standard deviation and the expected number of anoxic crises.
Results and discussion
The present scenario
The outcomes of simulations corresponding to the current rental cost of 2000 euros for a vessel-day are summarised in Fig. 3a . The most striking result is that no policy is expected to perform in average significantly better than the do-nothing alternative, even when a substantial number of vessels remove Ulva. This occurs because the drop of algal bloom damages obtained by removing Ulva is more than compensated by the increase in harvesting costs, as shown in Fig. 3b,d . On the other hand, the elimination of anoxic crises obtained with a sufficiently high number of vessel-days (see Table 2 ) allows for a significant reduction of variance of overall costs imposed on fishermen because of algal blooms. This is a very important economic parameter, as low volatility of costs allows lagoon managers to plan expenses from year to year better and to avoid the risk of incurring in fairly rare but catastrophic events that are particularly noxious for the commercial fishery. Moreover, further analysis shows that the 95°upper percentiles of cost distribution are much lower than in the case of the do-nothing alternative. In this sense, the do-nothing alternative cannot be regarded as the optimal policy, even though its mean economic performance is not worse than that of policies of direct intervention. Harvesting Ulva with a suitable number of vessels operating at low algal density can thus be considered better than the do-nothing alternative because of the lower variance of expected costs and substantially negligible probability of extreme events (Fig. 3c) .
Another important result is that management policies based on lower threshold density A th are generally more effective (in controlling algal blooms) and more efficient (in economic terms) than policies that delay intervention. If threshold density is larger than 100 g DW m -2 , there is no way of controlling most of the algal blooms. As a consequence, the sooner the vessels start to operate, the better it is.
Moreover, our analysis shows that a low number of vessels implies higher harvesting costs (with respect to the donothing alternative), yet it is not able to avoid algal blooms. This is exactly what happens with the present policy management (two vessels used for 10 d), which turns out to be both ineffective in controlling anoxic crises and inefficient in economic terms regardless of the threshold density A th . Moreover, Fig. 3e shows that, in order to control algal blooms, any management policy requires many more vesseldays than the current 10-15 year -1 , which are clearly insufficient.
Finally, further analysis shows that if the harvesting season is restricted between 1 March and 31 July under the same harvesting conditions, the economic performances are even worse, which means again that delaying intervention instead of harvesting as soon as the threshold is reached has a strong negative impact on the economic performances.
Harvesting at lower cost
The simulations performed under the current scenario of rental cost of a vessel-day have shown the number of days the vessels need to operate in order to control algal blooms is substantially higher than the 10-15 d planned by the traditional policy. Due to scale economies, it is reasonable to expect that renting vessels for many more days should allow the lagoon managers to make a better deal in the specific rental rate of vessels, namely to find a company offering the harvesting and disposal service at lower prices. We have thus run simulations with lower rental rates. Results are shown in Fig. 3f ,g when costs are set at 2/3 of current value. Under this price reduction scheme, most of the policies that are indeed able to control algal blooms are also more economically convenient than the do-nothing alternative, especially for low values of A th (50-75 g DW m -2 ). As in the previous case, cost variance drops as well to values significantly smaller than the policies, which are not able to control algal blooms. In the case of low intervention threshold, the overall costs can further decrease with the number of vessels (provided E ≥ 6), but the difference is not significant. As the estimation of algal density can be affected by measurement errors, and a small error in the estimation of the algal density during the operative management could lead to significant increases in total expected costs, a safe policy would require 6-10 vessels operating at density as low as 50 g DW m -2 .
Acquiring and running a fleet
The effective policies identified in the scenario of a lower rental price require a fairly high number of vessels and harvesting days with respect to what is currently planned in the lagoon. On the one hand, this should allow for a negotiation of lower rental prices as discussed in the previous paragraph, but, on the other hand, it makes economic performances strongly dependent on the third part companies managing the vessel market. For this reason, we have analysed the alternative scenario in which the lagoon managers acquire and run their own fleet of vessels to harvest algae.
According to previous estimates (Cellina et al., 2002) , the cost of buying one vessel is about 100,000 euros year -1 , to be financed over 10 years, while harvesting daily costs are assumed to be 500 euros per vessel per day. Simulations of different management policies under the scenario where the managers own the fleet are shown in Fig. 3h . With respect to the previous scenarios, an optimal policy can be clearly identified for A th = 50 g DW m -2 and E = 6 vessels; the expected value of costs is equal to 920 ± 50 ×·10 3 euros year -1 . Anyway, in this case, an error in the estimation of the algal density during the operative management could lead to substantial increases in total expected costs, thus negating the benefits of this strategy. Moreover, the marginal benefits of owning a fleet with respect to the previous scenario of lower rental price are very low and not significantly different. A randomisation test shows that running their own fleet would be convenient for lagoon managers only with respect to the present management strategy. Therefore, the acquisi- tion of a private fleet does not seem to be necessary to the extent the lagoon managers will be able to negotiate suitable renting fares with third part companies for the harvesting boats.
Conclusion
The present work has outlined several different issues related to Ulva harvesting.
First, policies of direct intervention on algal blooms are effective if they are based on early actions at low intervention thresholds for Ulva biomass. Furthermore, an increase in the number of vessels above current levels is required. Therefore, the goal of a management policy aimed at controlling algal blooms has to be to harvest as much Ulva as soon as possible, i.e. to implement 6-10 vessels that start to operate at 50-75 g DW m -2 . The mean annual cost of such a policy is not lower than that of the do-nothing alternative (in terms of loss of clam commercial yield); yet stochastic simulations show that its variance is substantially lower and the probability of extreme anoxic events that would jeopardise the commercial yield of entire year almost negligible. In this sense, our stochastic model shows that direct harvesting (if correctly implemented) has to be preferred to the do-nothing alternative, a conclusion that would had not been evidenced by a purely deterministic model. Second, despite the weaknesses and limitations of our management model, we are confident that the current management policy is inefficient from the economic viewpoint as it is not able to control algal blooms despite investing money in ineffective harvesting operations. In fact, the limited number of vessels and vessel-days available by contract induces lagoon managers to delay intervention up to the point that algal biomass cannot be efficiently controlled anymore.
Third, lower rental prices for vessels should be negotiated by lagoon managers, as policies able to control algal blooms need also to be economically convenient with respect to the traditional management in terms of mean annual cost.
If this is not possible, a more detailed economical analysis should be performed to consider the opportunity to acquire a lagoon fleet instead of renting vessels from third part companies.
Needless to say, in light of the investment and/or rental costs required for efficiently controlling algal blooms, scenarios alternative to Ulva harvesting should be considered such as dredging channels in the lagoon, reducing the organic load, fostering more sustainable practices of clam fisheries.
Of course, our analysis is not exempt from criticisms, which can be mostly focused on the simplicity of the management model. In particular, the lack of data on the Ulva life cycle was a critical aspect in this study. Long-term analyses and field campaigns will definitely reduce uncertainty and also allow for the evaluation of long-term ecological consequences of algal blooms and Ulva harvesting. Unfortunately, long-term field sampling campaigns require time and suitable financial support, not available at the present time, while lagoon managers crave for simple, cost-effective and rapid tools to assess potential strategies and to request financial support. Along with its weakness, our modelling exercise evidences the necessity of reconsidering the current shortterm sectorial sampling strategies, usually focused on isolated compartments (sediment, water column, benthos, macroalgae, clam dynamics), in favour of more comprehensive long-term field campaigns, with sampling schemes also finalised to the design, calibration and validation of quantitative management models.
Despite these limitations, we are confident that our simple black-box approach, explicitly including environmental variability and uncertainty in parameter estimation, provides a fair description, as a first approximation, of the statistical features of algal blooms, in terms of their intensity, frequency and timing, that were necessary for an economic assessment of harvesting strategies. Of course, much more work still needs to be done in the direction already outlined by Scheffer (1998) , provided that environmental variability can be explicitly included. This crucial, but often neglected, element of the economic assessment of optimal resource management (Walters, 1986) is in fact completely ignored by purely deterministic models, while the knowledge of the probability distribution of model outcomes, used to assess the convenience of alternative strategies, provides the necessary confidence in the decision process through valuable information also on rare, but potentially catastrophic, events (Clark, 1990) . Table 2 Expected number of anoxic crises per year with different harvesting policies A th (g m -2 DW) 25 50 75 100 125 150 200 Do-nothing 1.00 1.00 1.00 1.00 1.00 1.00 1.00 E = 2 (vessels) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 E = 6 (vessels) 0.00 0.00 0.94 0.99 1.00 1.00 1.00 E = 10 (vessels) 0.00 0.00 0.00 0.00 0.78 0.99 1.00 E = 16 (vessels) 0.00 0.00 0.00 0.00 0.00 0.00 0.69
